In this paper we present the results of several theoretical models examined in order to explain the observed systematic deviations of the homogeneous nucleation of highly polar substances from the predictions of the classical nucleation theory (CNT). It is found that molecular association in acetronitrile or nitromethane vapor cannot explain the observed higher supersaturations. Similarly, the use of virial coefficient data to obtain a size dependent surface energy correction factor does not reproduce the experimental results. It is shown that orientation of the surface dipoles within the spherical droplets results in higher supersaturations in agreement with the experimental findings. We also generalize the CNT for elongated clusters and show that these clusters can allow for favorable end-toend and antiparallel alignments of the dipoles. It is found that for reasonable agreement with experiment, acetonitrile, and benzonitrile clusters require a larger degree .of elong~tion . compared to nitromethane and nitrobenzene clusters. These results are dlscussed In relation to molecular simulations of bulk liquids and clusters.
I. INTRODUCTION
In a recent letter, Wright et aZ. 1 reported that the homogeneous nucleation of acetronitrile does not follow the predictions of the classical nucleation theory (CNT). The experimental measurements of the critical supersaturation over a wide range of temperature yielded values 40%-50% higher than the calculated supersaturations from the CNT. This study has been extended to include other polar molecules such as cyanobenzene, nitromethane, and nitrobenzene, and similar behavior has been observed. 2 ,3 The results indicate that the nucleation rates of highly polar compounds are slower by several orders of magnitude than the predictions of the CNT. As the CNT has been a fairly good predictor of critical supersaturations for the onset of nucleation for a wide variety of compounds we have examined several possible proposals to explain the observed deviations for highly polar molecules. The purpose of this paper is to present the results of the models examined and compare them with those obtained within the scope of the CNT.
The CNT assumes the vapor to be composed only of individual molecules and neglects any effects arising from the presence of small, relatively stable complexes. It has been observed,4-6 however, that these effects can be significant in highly associated vapors such as the smaller carboxylic acids where the experimental supersaturations lie well above the predictions of the CNT. Katz, Saltzburg, and Reiss (KSR) (Ref. 7) have presented a more general form of the CNT which incorporates the effects of vapor association. A key prediction of the KSR theory is that the overall effect of association is to decrease the rate of nucleation and therefore to increase the critical supersaturation. This model has been successfully applied to carboxylic acids and reasonable agreement with experiment has been alTo whom correspondence should be addressed.
found. If the polar compounds of the present study were sufficiently associated in the supersaturated vapor, this could possibly explain the observed deviations from the CNT.
DiIImann and Meier have recently developed a "refined droplet approach" to the homogeneous nucleation problem. 8 ,9 A significant feature of this model is the use of virial coefficient data to obtain a size dependent correction to the bulk surface tension for the embryonic droplets. This approach has been quite successful for alcohols, water, and nonane and gives more accurate predictions than the CNT. Since the second virial coefficient reflects the dipole-dipole interaction between isolated pairs of molecules, the application of this model to clusters of highly polar molecules may capture this feature of the intermolecular forces which is not explicitly contained within the CNT.
The recognition that the CNT does not take proper account of the dipole-dipole interaction in calculating the free energy of the clusters raises interest in the dipole orientation model. According to this proposal, polar molecules may exhibit a preferential orientation at the droplet surface leading to a surface tension that differs from the bulk surface tension assumed by the CNT. By explicitly considering the effects of dipole-dipole interaction on the surface free energy of the embryos, Abraham 10 has derived an expression for a size dependent surface tension for clusters with oriented surface dipoles. The predictions of this model depend upon the size of the dipole moment, the size of the cluster, and the separation between surface molecules in the cluster.
One other possibility that follows as a consequence of dipole orientations is that for highly polar molecules the embryonic droplets may become somewhat elongated due to energetically favorable head-to-tail and antiparallel alignments of the dipoles. This would tend to give the clusters a prolate spheriodal shape resulting in an increase in the surface-to-volume ratio and thus an increase in surface free energy. The CNT can be generalized so that the assumption of spherical embryos is relaxed and the clusters can take on elongated shapes.
The outline of the paper is as follows: first, we apply the KSR model to determine the effect of vapor association on the homogeneous nucleation of acetonitrile and nitromethane. In Sec. III, we examine the application of the refined droplet model of Dillmann and Meier to acetonitrile and nitromethane since virial coefficient data are only available for these vapors. Section IV contains the oriented dipoles treatment for the studied compounds namely, acetonitrile, nitromethane, benzonitrile, and nitrobenzene. Finally, in Sec. V we derive the rate equation of the CNT for nonspherical clusters and apply the resulting equation to the highly polar molecules.
II. KSR ASSOCIATION
Katz, Saltzburg, and Reiss 7 have presented a more general form of the CNT which incorporates the effects of vapor association. The KSR equation for the rate of nucleation in an associated vapor is given by
where clusters up to a size m are included, where m is the largest stable cluster present in the vapor. In Eq. (1), J is the rate of nucleation (drops cm -3 s-l), i is the number of molecules in an association cluster of size i, Xi is the ratio PiP (where Pi is the partial pressure of the i-sized clusters and P is the partial pressure of the vapor), S is the supersaturation ratio PIPe (where P e is the eqUilibrium vapor pressure), and S 1 is the monomer supersaturation ratio PI/PIe (where PIe is the eqUilibrium vapor pressure of the monomer only). Further, q is the condensation coefficient, d is the liquid density, NA is Avogadro's number, a is the bulk liquid surface tension, M is the molecular weight, R is the gas constant, and T is the temperature. The preexponential factor differs slightly from the usual CNT expression due to the fact that an embryo may now gain or lose molecules in clusters of two or more, but the far more significant effect is that the cluster size distribution is altered by the presence of dimers, trimers, etc. This latter effect results in the monomer supersaturation being less than the total supersaturation and it is now S 1 that appears in the exponential. Thus the energy barrier is increased and higher supersaturations are required to induce nucleation. This theory has been successful in predicting the critical supersaturations for the smaller carboxylic acids.4-6 In order to check the accuracy of our KSR calculations, the temperature dependence of S has been calculated for formic, acetic, and propanoic acids and similar results to those reported in Refs. 4-6 have been obtained.
The literature values of the dimerization constants for acetonitrile and nitromethane are included in Table I . Using these fits, the KSR predictions are calculated for CH 3 CN and CH 3 N0 2 and the results are shown in Figs. 1 and 2, respectively. As the dimerization constants are rel- atively small and only a few percent of the molecules are expected to exist as dimers, the KSR curves do not lie far above the predictions of the CNT which are well below the experimental results. The temperature dependence of these constants is typically expressed in the form log K vs liT, making extrapolation to lower temperatures less reliable when only a few points determine the fit. The significant increase in the predicted Sc for CH 3 CN at lower temperatures is probably due to the extrapolation of the dimerization constant to temperatures almost 100 K below the lowest available literature value. When the data for the dimerization constant is fit to the form K vs liT (a slightly better fit) the curve for CH 3 CN is as close to the CNT as the one for CH 3 N0 2 throughout the temperature range of the calculations. The KSR predictions for CH 3 CN for both of these fits are shown in Fig. 1 .
The results in Figs. 1 and 2 indicate that the observed increase in the critical supersaturations of the polar molecules cannot be explained in terms of the KSR model for associating vapors. This is probably not a surprising result since success of the KSR equation is only expected if the vapor contains a large percentage of stable dimers and or higher clusters such as acetic acid vapor where at T=386 K -56 mol % dimer is present at saturation. However, with water and simple alcohols, the effect of association calculated by the KSR equation is very small owing to the small concentration of associated species in these vapors.
III. THE REFINED DROPLET MODEL OF DILLMANN AND MEIER (DM)
Using a semiphenomenological droplet model, the DM treatment 8 ,9 takes the Gibbs free energy of formation of an embryo containing i molecules to be given by
where k B is Boltzmann's constant, sl is the surface area of a spherical cluster containing i molecules and where Kb 7,  and qo are model parameters. Ki is a size dependent correction to the surface tension and 7 and qo are taken as arising from translational, rotational, vibrational, and configurational contributions to the droplet free energy. Using the Table I , respectively.) This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
following expression for the equilibrium concentration Pj,eq of clusters containing i molecules
where V is the system volume, along with Eq. (2), DM construct a thermal equation of state for the vapor which is given by
where P is the number density and 0 is an abbreviation for asllk BT. The dependence of Ki on cluster radius is taken to be of the form
where al and a2 are given by
so that Ki can be computed for all i once KI and K2 are known. By forcing the identity of Eq. (4) with a Taylor series expansion of P (in powers of p) and using the virial equation of state to provide the first two derivatives of density with respect to pressure, DM are able to evaluate KI and K2 which are given by
where B is the second virial coefficient. rand qo are determined by the fluid critical properties through the relations
where Pc> Pc> and Tc and the critical number density, pressure, and temperature, respectively, and ~(x) is the Riemann zeta function given by
With these quantities determined, the rate of nucleation can be expressed as
where p is the partial pressure of the vapor, m is the molecular mass, and Pi* is given by
The critical cluster size l"* is given by the real root of the cubic equation
The DM expression contains the CNT as a special case and is obtained by setting r=O, qo=plkBT, and Kj= 1. For the acetonitrile and nitromethane calculations the virial coefficient data were taken from the collection of 
where a and b are determined by least-squares fits. The first step in the calculations is to evaluate the parameters rand qo. r is determined from the critical compressibility since from Eqs. 8(a) and 8(b) , it follows that Z;I=~(r-1)/~(r).
(l3)
Values of the Riemann zeta function ~ (x) for x < 2 were taken from the interpolation of the values obtained from the DM work 9 and from the published tables of the functionY Table II includes the values of KI' K2' Kz*' and z"* calculated at different temperatures for acetonitrile and nitromethane. The computer program used for the calculations was checked by reproducing the DM results for the alcohols, water, and nonane. 9 Table III compares the model parameters used for acetonitrile and nitromethane with those for the substances investigated by DM. The critical supersaturations predicted by DM model for acetonitrile and nitromethane are shown in Figs. 3 and 4 , respectively. Inspection of Figs. 3 and 4 clearly indicates that the DM calculations predict critical supersaturations below those of the CNT and far below the experimental results. One possible problem in these calculations is the extrapolation of the virial coefficient to temperatures as much as 70 K below the lowest value reported in the literature. Therefore, the effect of the uncertainty introduced by this extrapolation on the DM calculations has been investigated. It was found that a decrease in B (in magnitude) by 73% from its extrapolated value at 270 K was required in order to increase the predicted supersaturation to the value given by the CNT for CH 3 CN at this temperature. Yet this decreased value of -4050 cm 3 /mol is smaller than the literature value of -5350 at 308.2 K, whereas it should be greater in magnitude. Therefore the error introduced by the extrapolation cannot account for the significant differences in the predictions of the DM model and the CNT or the differences between the DM model and the experimental results. It was also found that the DM model is not especially sensitive to the values of 1" and qo and Table IV shows that changing these parameters by -25% has a negligible effect on the calculated supersaturations (-2 %-3 % ).
The most likely reason for the higher nucleation rates predicted by the DM model for acetonitrile and nitromethane lies in the evaluation of the parameters Kl (7) are less than unity for the temperature ranges of the nucleation experiments and this leads to predictions for the critical supersaturations well below those of the CNT. The same effect is found in the DM calculations for the critical supersaturations of nonane. Of all the substances investigated in Ref. 9 , nonane is the only substance with Ki* less than unity throughout the temperature range of the calculations. Subsequently, the DM critical supersaturations for nonane are below those of the CNT in contrast to other substances where Ki* is greater than unity. Also, the DM predictions for the critical supersaturations of n-butanol are lower than the predictions of the CNT only at lower temperatures where Ki* is less than unity. 
-----------------------
-------------2 To""""~ .... rrrr"""TTTT""""",,,,rrrrrrrr""TT'-TT-~- It is interesting to note that our experimental data in conjunction with the DM model would suggest Kl values (at T=270 K) of 1.47 and 1.21 for acetonitrile and nitromethane, respectively, as shown in Table III (other similar values are possible depending upon the choice of K2). These values converge to a value close to unity (as they should) at the critical size. The predicted values also indicate that Kj decreases with decreasing dipole moment in agreement with the calculations of Sinanoglu for several classes of substances. 13 It is clear that more reliable ways to calculate the surface energy correction factor Kj are needed before a final conclusion can be reached regarding the application of the DM model to highly polar substances.
IV. THE ORIENTED·DIPOLES MODEL OF ABRAHAM
In the oriented-dipole model (due to Abraham lO ), one explicitly includes the effect of dipole-dipole interaction on the surface free energy of the embryonic droplets. It assumes that for highly polar liquids there is preferential orientation of the surface molecules. Frenkel 14 has suggested that surface molecules will tend to orient themselves so that their electric fields are within the high-dielectric constant liquid in order to minimize the field free energy. Thus for a planar surface the surface dipoles are taken as exhibiting a parallel alignment. For a sphere the size of a condensation nucleus this orientation is disturbed by the large curvature of the surface. The suggested dipole alignment at the planar and spherical interfaces is illustrated below.
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The angle l{1 between any two nearest-neighbor surface dipoles is directly related to the droplet size. The deviation from parallel orientation involves an increase in the surface potential energy which is given by 
where f.L is the magnitude of the dipole moment, c is the number of surface nearest neighbors of a surface molecule, d is the distance between nearest neighbors, and js is the total number of molecules at the surface of the droplet. Abraham showed that for small angles 1/1 (I-cos 1/I;:::;f'1 2), Eq. (14) can be approximated as 
Equation (15) represents a constant correction to the surface free energy of the clusters due to dipole-dipole interaction within a curved surface. Therefore, the total surface free energy, F~s), of a cluster of surface area A and radius r is now given by (16) where <T(r) is a size dependent surface tension due to the effect of surface curvature and <To is the bulk planar surface tension assumed by the CNT. This size dependent surface tension can be expressed as (17) where r is the cluster radius. Using the literature values of the dipole moment (shown in Table VI of the previous paper), assuming the number of surface nearest neighbors c=2 and the distance between nearest neighbors d=3. 7-4.5 A, we obtained the size dependent surface tension for the clusters from Eq. (17). As r in Eq. (17) must be calculated from Sc' iterations are performed until <T(r), r, and Sc all are consistent with the Kelvin relation. Figures 5-8 show the predictions of the CNT when this surface tension <T(r) is used in place of <To. Similar curves can also be generated with c=3 and slightly larger values of d. As can be seen from the figures, appropriate choices of c and d can yield fair agreement with experiment, although the temperature dependence is somewhat too sharp at lower temperatures. It is possible that the smaller critical cluster sizes that accompany lower temperatures may not be large enough to favor the suggested orientation. Also, as the droplet size decreases the cos 1/1 approximation becomes less valid.
v. NONSPHERICAL CLUSTERS
Another attempt to rationalize the experimental results is to assume that for highly polar molecules the clusters may become somewhat nonspherical to allow for greater end-to-end and antiparallel alignment of the dipoles (including those in the interior of the drop). Elongation of the clusters would tend to give them a prolate spheroidal shape. With this possibility in mind we have generalized the CNT to allow clusters of this shape. What this amounts to is the substitution of the expressions for the surface area and volume of a prolate spheroid for those of the sphere assumed by the CNT, everywhere the spherical assumption is invoked. Following the CNT we can express the Gibbs free energy of formation of the droplet as where V is the volume of the droplet and PI is the liquid number density. For a prolate spheroid A and V are given
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where a and b are the semimajor and semiminor radii, respectively, and e is the eccentricity of the ellipse used to generate the prolate spheroid (by rotation about its major axis). Defining (21) and
we can write
where (24) and a is the variable that indicates cluster size. In the usual manner, the barrier height to nucleation is determined by the condition (ab..G/aa) 
( 26) where a* is the semimajor radius of the critical sized cluster. Using Eq. (26) which yields for the rate equation 
JpS=A7I6CI*sZl*SPV exp[ -AAG'I/kBT]
where all the quantities were defined in the paragraph following Eq. (1) . For the calculations the eccentricity is entered as a parameter and is a constant for a given calculation. Figure 9 shows the eccentricities and resulting cluster shapes required to generate the curves shown in Figs As can be noted from Fig. 9 , a rather large degree of elongation is required to give fair agreement with the experimental results, especially for the nitriles. Figure 10 shows a hypothetical (low T) CH 3 CN cluster structure where the predominant dimer geometries are head-to-tai1 and antiparalle1 structures. Note that this cluster structure is quite similar to that of the completely ordered crystal where each head-to-tail chain is surrounded by four chains running antiparalle1 to it. 16 Bohm et al. 17 have performed molecular dynamics simulations of bulk liquid acetonitrile at temperatures of 291 and 258 K and for their potential model the antiparallel, head-to-tail, T-shaped, and parallel dimer structures have potential well depths of about -21, -12, -5, and -4 kJ/mol, respectively. Clearly, the antiparallel and head-to-tail alignments are the most favorable structures. Jorgensen et al. 18 have performed Monte Carlo simulations of CH 3 CN and have further investigated the liquid's structure. Performing simulations at 298 and 343 K with both the full potential and with a potential having the partial charges set to zero (298 K only), they find a sharp increase in the first peak in the N-CH3 radial distribution function upon "turning on" the charges, indicating the importance of the electrostatic interactions in determining the liquid's structure. Examining a stereoplot of an arbitrary equilibrated configuration, Jorgensen notes that a particular (but typical) CH 3 CN molecule has two antiparallel neighbors above it, a parallel neighbor below it and to the left (displaced parallel), and it can be considered as part of a distorted chain spanning at least the length of the simulation box (::::;20 A). Jorgensen thus concludes that remnants of the short range order in the crystal are apparent in the liquid at 298 K, and we would expect that ordering to persist more strongly at the temperatures (240-290 K) of the nucleation experiments. In fact, at temperatures near the freezing point (229 K) direct formation of microcrystals from the vapor can be observed. Jorgensen also notes, however, that order beyond the nearest neighbor level is weak at 298 K except for some winding chains and stacked multimers.
All of this discussion, of course, takes no account of surface effects on the cluster structure. Shreve et al. 19 have conducted a molecular dynamics study of liquid drops composed of Stockmayer molecules and although they do not find any evidence of a preferred surface orientation in droplets composed of 50 molecules, their simulations of systems composed of 260 and 896 molecules indicate that the dipoles tend to lie parallel to the droplet surface, which would be consistent with the orientation suggested for the elongated cluster shown in Fig. 10 . In comparing the properties of CH 3 CN clusters with those composed of Stockmayer molecules it is worth noting that Stockmayer particles possess a single Lennard-Jones center to which is added a term giving the potential a directional character and it seems unlikely that comparative cluster sizes would correspond to the same number of molecules in the clusters. Thus the typical critical cluster sizes of 50-150 molecules for CH 3 CN may be large enough to favor a dipole orientation parallel to the cluster surface.
VI. SUMMARY AND CONCLUSIONS
In the present work we have examined several models to explain the strong deviations observed in the homogeneous nucleation of highly polar liquids from the predictions of the classical nucleation theory. The observed increase in the critical supersaturations cannot be explained in terms of vapor association within the scope of the KSR model since unrealistically higher association constants would be required in order to bring an agreement between experiment and theory. The failure of the refined droplet model of Dillmann and Meier is attributed to incorrect evaluation of the size dependent surface energy correction factor Ki. Reliable ways to calculate this parameter for highly polar substances are necessary in order to critically evaluate the generality of the DM model.
The dipole orientation and elongated cluster models seem to give reasonable (but not complete) representation of the experimental results. This suggests that in the homogeneous nucleation of highly polar substances at lower temperatures, dipole orientation may result in increased surface tension or in elongation of the spherical droplets, thus increasing the energy barrier and the critical supersaturation relative to weakly or nonpolar systems. This appealing picture needs to be thoroughly examined by molecular simulations of highly polar clusters in a nucleating system. We are now actively pursuing this direction in order to establish a detailed understanding of the homogeneous nucleation of highly polar substances.
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